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Summary.—We have purified epithelial cells from human colonic tumours by
velocity sedimentation in an isokinetic density gradient of Ficoll in tissue culture
medium. In frozen sections of colonic carcinoma, histochemically demonstrable
N-acetyl- 8-D-glucosaminidase (HDAG) was observed primarily in epithelial cells.
We used this enzyme as a histochemical marker of epithelial cells. Initial suspensions
of cells from colonic tumours suspended with 0-259, trypsin contained an average of
249, of the nucleated cells with HDAG. In the purest fraction obtained from gradient
centrifugations, an average of 749, of the nucleated cells contained HDAG. After
centrifugation, the quarter of the density gradient which contained the most rapidly
sedimenting cells was purified 2-4-fold over the initial sample with respect to nucleated
cells with HDAG. The amount of carcinoembryonic antigen/10¢ cells in this zone of
the gradient was increased 2-7-fold over that in the initial suspension. Cells in this
zone of the gradient also gave rise to colonies in soft agar. Cells from initial suspen-
sions resulted in 15-259%, as many colonies of 7 or more cells in cultures inoculated
with the same number of nucleated cells. For the most part, cells obtained from the
other zones of the gradient did not give rise to colonies in soft agar.

ComPARISONs of normal tissues and
carcinomas are made difficult by the fact
that the tumour cells in carcinomas and
their epithelial counterparts in normal
tissues often constitute a minority of the
total population of cells (Helms et al.,
1975; Pretlow, 1975; Pretlow, Jones
and Pretlow, 1976). If the cell types of
interest are present in a low concentration,
important biochemical differences among
the various types of cells may be obscured.
The comparison of malignant cells with
other types of cells would be facilitated by
the separation of these cells from the other
kinds of cells with which they are asso-
ciated in tissue (Pretlow et al., 1976).

We have developed a method for the
purification of epithelial cells from human
colonic carcinomas, by centrifugation in a
previously described isokinetic density
gradient of Ficoll (polysucrose, average

mol. wt. 400,000) in tissue culture medium
(Pretlow, 1971). The histochemical de-
monstration of N-acetyl-£-D-glucosami-
nidase and culture in soft agar were used
to identify purified cells.

METHODS

Demonstration of N -acetyl-B-D-glucosam-
inidase.—N-acetyl-B-D-glucosaminidase (AG)
was demonstrated histochemically by a
slight modification of the diazo-coupling
method described by Pugh and Walker
(1961) wusing naphthol-AS-Bi-N-acetyl-B-D-
glucosaminide (Calbiochem, La Jolla, Calif.,
U.S.A.) as substrate. Frozen sections of
colonic tumour (10 um) were incubated with
the substrate at 37°C for 2-24 h. At this
temperature, incubations of 4 h resulted in
the greatest contrast between epithelial and
non-epithelial components of the sections.
Sections were counterstained with 19, fast
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green for 10 min. Histochemistry of cell
suspensions was performed on cells prepared
with the cytocentrifuge (Shandon Southern
Instruments, Inc., Sewickley, Pa., U.S.A.);
incubations were for 1-2 h at 37°C.

Density gradient and centrifugation.—A
two-chambered gradient generator (Lido
Glass, Stirling, N.J., U.S.A.) was utilized in
the construction of density gradients of Ficoll
(Pharmacia Fine Chemicals, Inc., Piscataway,
N.J., US.A)) in tissue-culture medium, as
described previously (Pretlow and Boone,
1969). Purification of colonic epithelial cells
was obtained by velocity sedimentation in the
85-ml isokinetic gradient. The isokinetic
gradient, which has been described in detail
(Pretlow, 1971), was constructed in a 100-ml
polycarbonate centrifuge tube (Tube No.
2806, International Equipment Co., Needham
Heights, Mass., U.S.A.) and centrifuged in
the MSE Mistral 6L centrifuge (Measuring
and Scientific Equipment, Ltd, London,
England). The gradient varies from 2-79,
w/w Ficoll at the sample—gradient interface
(13-7 cm from the centre of revolution) to
5-5%, w/w Ficoll at the gradient—cushion
interface (26-7 cm from the centre of revolu-
tion). The isokinetic gradient (in which cells
sediment with constant velocity) is most
useful for the separation of cells with different
diameters (Pretlow, Weir and Zettergren,
1975). It was determined by previously
described methods (Pretlow, 1971 ; Pretlow et
al., 1975) that cells with histochemically
demonstrable N-acetyl-B8-D-glucosaminidase
(HDAG) and the highest concentration of
carcinoembryonic antigen (CEA) per cell
were best separated from other cells by
centrifugation at 74¢ (measured at the
sample—gradient interface) for 10 min at 4°C.
The centrifuge speed was monitored by an
electronic stroboscope (General Radio Co.,
West Concord, Mass., U.S.A.).

Cells for initial suspension.—Colonic
tumours were obtained by surgery at the
University Hospital, Veterans Administration
Hospital, and St Vincent’s Hospital in
Birmingham, Ala., U.S.A. Tissue was imme-
diately placed in cold tissue-culture medium
and subsequently minced in cold tissue-culture
medium containing 109, foetal calf serum.
After the tissue fragments were allowed to
settle, the tissue-culture medium containing
109, foetal calf serum was decanted, and fresh
medium was added and gently stirred with a
‘magnetic stirrer for 10 min at room tempera-
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ture. The tissue fragments were washed for
two additional 10-min periods in this manner
and then resuspended in tissue-culture
medium containing 0-19, pronase (EM Labor-
atories, Inc., Elmsford, N.Y., U.S.A.), 0-259,
trypsin (Microbiological Associates, Bethesda,
Md., U.S.A)), or 0-05%, collagenase (Sigma
Chemical Co., St Louis Mo., U.S.A)).
Enzymatic digestion of the tissue was per-
formed in parallel with each of the three
enzymes for 15 successive 20-min periods, to
determine which enzyme would give the
largest number of cells per gram of tissue;
viability was determined by the exclusion of
trypan blue. The cells from each of the
20-min periods of digestion were decanted
from the tissue fragments, cooled in an ice
bath for 5 min, and sedimented at 97 ¢ for
7-5min. The cells were resuspended in 5
volumes of medium containing 109, foetal
calf serum and stored in an ice bath until the
tissue was exhaustively digested. The first 3
digestions were discarded, as they contained
many red blood cells and much debris. The
remaining digestions were filtered through a
single layer of Nitex (TETKO, Inc., Elmsford,
N.Y., US.A) having a pore diameter of
100 pm. Initial suspensions obtained in this
manner contained 22-4-33-7 X 10¢ cells in
the 7-ml volumes that were layered over the
gradients.

Several experiments were performed with
cells which had been stored at — 196°C over
liquid N, for approximately one year after
controlled-rate freezing at 1-2°C per min in
7-5%, dimethylsulphoxide and 209, foetal
calf serum in tissue-culture medium as
described for cells from Hodgkin’s disease
(Pretlow et al., 1973). Little if any change in
viability has been observed for cells from
tumours stored in this way (Pretlow et al.,
1973; Wodinsky, Meaney and Kensler, 1971).
Cell suspensions were prepared for centrifu-
gation by rapidly thawing the frozen cells at
37°C and diluting the suspension with an
equal volume of tissue-culture medium.
Sample suspensions prepared in this manner
contained 12-6-21-7 X 108 cells in the 7-ml
volumes layered over the gradients.

Gradient fractions—The gradients were
collected in 4-ml fractions (except for the
first fraction representing the 7-ml initial
volume) with a gradient-tapping cap (Halpro,
Inc., Rockville, Md., U.S.A.) as described
previously (Pretlow et al., 1975). The re-
fractive indices of the fractions were measured
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with an Abbe refractometer (Arthur H.

Thomas Co., Philadelphia, Pa., U.S.A.).
The cells in each fraction were counted in
haemocytometer chambers. Slides  for

Wright’s stain and N-acetyl-B-D-glucosami-
nidase were prepared with the cytocentrifuge.
Differential cell counts were performed
counting 500 cells from sample slides and 200
cells from each fraction.

N-acetyl-B-D-glucosaminidase assay.—The
levels of N-acetyl-B-D-glucosaminidase (AG)
in combined fractions from the gradients were
assayed spectrophotometrically by measur-
ing the release of p-nitrophenol from p-nitro-
phenyl-N-acetyl-B-D-glucosaminide  (Sigma
Chemical Co.). The combined fractions from
3 gradients (cells obtained from the same
patient) were diluted to a refractive index of
approximately 4-0 and recovered by centri-
fugation at 97 g for 7-5 min at 4°C. The cells
were resuspended in 2-4 ml cold phosphate-
buffered saline (0-01m, pH 7-2) and counted in
haemocytometer chambers. Triton X-100
(final concentration 0-1%,) was added to the
cell suspension and the suspensions were
sonicated by a Bronwill sonicator at 709, of
the low energy setting for 1 min. Final cell
concentrations ranged from 0-1 X 106 cells/ml
(Fractions 18-23) to 24 x 10°¢ cells/ml (Frac-
tions 2-7). The level of enzymatic activity
was found to be quite variable from patient
to patient: consequently, the time of incuba-
tion and the amount of sample assayed were
varied from 1 to 3h and 0:1 to 0-3 ml of
sample, respectively.

Assay mixtures contained 4 umol of
substrate and 50 pumol of citrate buffer in a
final volume of 1-0ml (pH 4-5). Controls
were lacking either the enzyme sample or the
substrate, and the values obtained from both
controls were taken into account in the calcu-
lations of enzymatic activity. Reactions
were terminated by the addition of 2 ml of
0-4 M glycine buffer (pH 10-4). The amount
of p-nitrophenol released was calculated from
a standard curve of commercial p-nitrophenol
(Sigma Chemical Co.) determined spectro-
photometrically at 410 nm. One unit of
activity is defined as the release of 1 nmol of
p-nitrophenol/min.

Determination of CEA.—Cell suspensions
were prepared as described above for the
spectrophotometric determination except that
Triton X-100 was not added to the suspension
prior to sonication. A recent study has
shown sonication to be an effective means of

M. G. BRATTAIN, P. M. KIMBALL, T. G. PRETLOW II AND A. M. PITTS

extracting the CEA present in tissue homo-
genates (Carrico and Usategui-Gomez, 1975).
CEA was determined by the commercially
available radioimmunoassay (Roche Diag-
nostics, Nutley, N.J., U.S.A.) as described
previously (Brattain et al., 1975).

Culture in soft agar.—Carcinomas from 3
additional patients were disaggregated and
stored at — 196°C after controlled-rate
freezing as described above, except that
sterile procedure was observed after obtaining
the specimen. Cells from these stored
samples were purified as described above in a
sterile isokinetic density gradient and sterile
technique was followed for the collection of
gradient fractions. Cells (50,000, nucleated)
were cultured on plastic Petri dishes in a final
volume of 1 ml of 0-279%, soft agar containing
4-3 ug/ml gentamyecin, 90 ug/ml streptomycin
and 90 u/ml penicillin, on a 1-ml layer of
0-59%, soft agar containing the same levels of
antibiotics (Macpherson, 1969; Tompkins et
al., 1974). The colonies were counted micro-
scopically after embedding the entire contents
of the Petri dish in Epon as described by
Zucker-Franklin and Grusky (1974). Pre-
liminary studies showed that colonies were
maximally developed after 3-4 weeks. Colo-
nies were counted after one month of culture,
and a colony was defined as containing 7 or
more cells. Controls for each set of fractions
and the sample suspensions were embedded
and counted at the time of plating.

RESULTS

N-acetyl-f-D-glucosaminidase — activity

wn frozen sections of colonic tumour

It was found that the epithelial regions
in frozen sections of colonic tumour
showed stronger staining for AG than the
stroma. Raised AG activity has also been
observed by histochemical means in cir-
culating monocytes from patients with
malignant solid tumours (Reed and Ben-
nett, 1975). The staining could be
eliminated by adding 100 mm N-acetyl-
glucosamine to the substrate solution after
pre-incubation of the sections for 30 min
at 37°C in 100 mm N-acetyl-glucosamine.
Pre-incubation in buffer alone did not
alter the staining of frozen sections.
N-acetyl-glucosamine is a competitive
inhibitor of the enzyme (Mian et al., 1975).
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Initial suspenstons

Disaggregation of the tumour with
0-25%, trypsin produced the highest num-
ber of cells/g tissue digested (Table I).

Tasre 1.—Comparison of Cells Obtained
with Various Enzymes*

9, cells excluding

Enzyme Cells/g trypan blue
Trypsin 66-0--25-0x 1086 95-0-+ 3-0
Pronase 29-1+8-9x 1086 94-5-4+ 2-5
Collagenase 31-6--11-1x 108 51-0+21-0

* Mean - s.d. from the disaggregation of the
same 3 colonic carcinomas.

Pronase was found to yield a cell suspen-
sion containing a similar percentage of
cells which excluded trypan blue to that
obtained from digestion with trypsin;
however, only about half the number of
cells/g of tissue was obtained with pronase.
(ollagenase was not as effective as the
other enzymes, since suspensions of cells
obtained from digestion by this enzyme
contained a low percentage of viable cells.
In some experiments, cells disaggre-
gated by digestion with either trypsin or
Pronase were stored at —196°C after
controlled-rate freezing in 7-5%, dimethyl-
sulphoxide and 209, foetal calf serum.
(Cells obtained by the disaggregation of
tissue with collagenase were not stored,
because of the low viability observed in
these suspensions. When cell suspensions
obtained from disaggregation with trypsin
were purified after rapid thawing at 37°C,
the results were much the same as in
experiments involving freshly disaggre-
gated cell suspensions. Cell suspensions
obtained by digestion with Pronase formed
a gel after storage at —196°C, and thus
could not be purified by centrifugation.
Sample suspensions layered over the
gradient from freshly disaggregated carci-
nomas contained 36-3 4 9-29; red blood
cells, 15-8 + 3-29 cells with HDAG, and
47-9 + 3-29%, cells with little or no HDAG.
While the initial suspensions from long-
term storage after trypsin disaggregation
contained approximately 509, as many
red blood cells as found in fresh suspen-
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sions, there was no significant change in
the percentage of nucleated cells with
HDAG.

Velocity sedimentation

The frequency distribution of cells with
HDAG in the collected fractions is shown
in Fig. 1. In this experiment, 20-2 x 10%
cells were applied to the gradient, 119, of
the cells contained HDAG and 369, of the
cells were red blood cells. A total of 649,
of the cells applied to the gradient were
recovered, while 679, of the cells with
HDAG and 679, of the red blood cells
present in the sample suspension were
recovered after centrifugation.

The purest fraction of cells with HDAG
was Fraction 22 ( 4+ 1) in all experiments.
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F1G.—An example of the separation of cells
from colonic tumour by velocity sedimen-
tation in the isokinetic gradient. The
arrow on the plot of density vs fraction
number indicates the sample-gradient inter-
face. In all experiments, Fraction 22 (4 1)
contained the largest proportion of cells
with HDAG. The centre panel shows the
frequency distribution of cells with
(@ @) and without (O O) HDAG,
while the bottom panel shows the percen-
tage of total cells in each fraction with
HDAG.
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Fraction 23 from the velocity sedimenta-
tion shown in the Fig. contained 789, cells
with HDAG. The peak of cells obtained
at the gradient—cushion interface is the
result of an artificial sharpening of the
band of cells, due to the change in density
at this point of the gradient. The red
blood cells were recovered in Fractions
2-12.

For chemical characterization and soft
agar culture Fractions 2-7, 8-12, 13-17,
and 18-23 were combined. The initial
suspensions from 4 tumours from different
patients contained 23-1 + 3-79; nucleated
cells with HDAG. The distributions of
nucleated cells with HDAG following
centrifugation of cell suspensions from the
4 tumours are shown in more detail in
Table II. In general, the percentage of

TaBLE I11.—Cells with HDAG in the Various
Zones from Gradient Centrifugation

9 nucleated cells with

HDAG intumoursI-IV  Average values

A \ relative to
III IV Fractions 18-23

Fractions I IT

18-23 49 75 41 66 1-00
13-17 33 36 15 38 0-53
8-12 21 36 10 22 0-38
1-7 10 22 13 15 0-26

nucleated cells with HDAG recovered
from Fractions 18-23 was about 4 times
that of Fractions 1-7 and twice that
found in Fractions 13-17.

Biochemical and  immunochemical
analyses of the gradient zones resulting from
velocity sedimentation

The relative levels of AG (u/106 cells)
found in the pooled fractions from gradient
centrifugation are shown in Table III.
The results are similar to those obtained
from the histochemical reaction shown in
Table II. There is about a 4-fold increase
in the activity/108 cells in Fractions 18-23
over that of Fractions 2-7, and about a
2-fold increase over Fractions 13-17.

Some cell suspensions contained high
activity/10¢ cells (e.g. 9-5u/10% cells,
Tumour IV); this was probably due to
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TaBLE III.—Relative AG Activity in the
Various Zones from Gradient Centrifugation

Units/108 cells in
Tumours I-IV Average values
Combined - A \ relative to
Fractions I II III IV  Fractions 18-23
1823 11-4 3-9 7-9 9-3 1-00
13-17 6-0 2-1 4-3 4-3 0-52
8-12 3-2 1-2 2:4 23 0-29
2-7 2-2 0-7 1-7 2-9 0-23

lysis of the cells and the subsequent
release of the enzyme into the medium.
Fraction 1 (representing the initial sus-
pension) contained 8-2 u/10¢ cells. Most
of the activity found in this fraction was
probably due to the release of the enzyme
from damaged cells, since Fraction 1
contained mostly debris and few cells
(Fig. 1), most of which failed to exclude
trypan blue.

Fractions 18-23 were also found to
contain higher levels of CEA/10¢ cells than
the fractions with less rapidly sedimenting
cells (Table IV). There was about 5 times

TABLE IV.—The Concentration of CEA[108
Cells in the Various Zones from Gradient
Centrifugation

ng CEA/108 cells in
Tumours I-IV Average values
Combined . A \ relative to
Fractions I II III IV  Fractions 18-23
18-23 392 1353 500 437 1-00
13-17 67 708 184 52 0-36
8-12 91 302 46 80 0-18

as much CEA as in Fractions 8-12 and 3
times as much as in Fractions 13-17.

Sample suspensions from Tumours I
and II contained 0-44 ug/ml CEA (142 ng
CEA/108 cells) and 1-1 ug/ml CEA (500 ng
CEA/108 cells), respectively. Fractions
2-7 from Tumour IT had 440 ng CEA/108
cells; the same zone from the centrifuga-
tion of Tumour I had < 10 ng CEA/108
cells. While the absolute values of CEA
varied from 400 to 1350 ng/10% cells in
combined Fractions 18-23, the relative
values obtained from the zones of any
individual tumour remained relatively
constant.
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Culture in soft agar

The ability to form colonies in soft agar
is regarded as characteristic of malignant
cells (Macpherson and Montagnier, 1964;
McAllister and Reed, 1968). Preliminary
studies on the culture of separated cells
from 3 carcinomas were performed. The
degree of purification with respect to cells
with HDAG and CEA/10¢ cells obtained
from sample suspensions of these 3 carci-
nomas was similar to that described above.
Fractions were combined as described
above and culture experiments were per-
formed as described in * Methods .
Except for Fractions 13-17 of one carci-
noma, colony formation was restricted to
those cultures inoculated with cells from
Fractions 18-23 and the initial suspensions
(Table V).

TaBLE V.—Soft-agar Culture of Cells in
the Various Zones from Gradient Centri-
Sfugation

Fractions 9, Colony formation*
Initial suspension 0-44 (0-34-0-54)
2-7 0
8-12 0
13-17 0-08 (0-0-24)
18-23 2-32 (1-37-3-50)

* Colonies of 7 or more cells are expressed as the
percentage of cells plated. Cells from the indicated
zones were from 3 carcinomas, while cells from the
initial suspensions were from 2 carcinomas. The
numbers in parentheses show the range observed.

Samples of each set of fractions from
the 3 carcinomas were streaked on to
blood agar plates (without antibiotics).
While 2/2 initial suspensions and 1/3
“ Fractions 2-7 >’ were contaminated, no
contamination was observed for the other
fractions, suggesting that the more rapidly
sedimenting colony-forming cells are sepa-
rated from the smaller less rapidly sedi-
menting microorganisms. The levels of
antibiotics present in the soft-agar cultures
were sufficient to control contamination of
the initial suspensions and ‘‘ Fractions
2-7 7,
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DISCUSSION

We have used histochemical, bio-
chemical, and immunochemical criteria in
describing the purification of epithelial
cells from human colonic carcinoma by
velocity sedimentation in an isokinetic
gradient of Ficoll in tissue-culture medium.
The results obtained from these 3 different
criteria were, in general, consistent with
each other. Histochemically, there was an
average 2-4-fold purification of cells with
HDAG in Fractions 18-23 compared to
the initial suspension, while CEA deter-
minations from 2 tumours showed that the
level of CEA/10¢ cells in this zone was
2-7 times that in the initial suspension.
This does not mean that the purity of
tumour cells is necessarily increased 2:7
times, since the levels of CEA probably
vary from cell to cell. Furthermore, cells
with HDAG are not necessarily malignant
cells, nor are cells which lack AG neces-
sarily normal cells. As judged by the 3
described criteria, the similarity of the
particular zones from the gradient centri-
fugation of 4 different tumours is striking.

Acid phosphatase was used as a
histochemical marker for purified cell
populations in a similar study of the
purification of epithelial cells from pro-
static carcinoma (Helms et al., 1976). In
both the present and prostatic studies, it
was found that slowly sedimenting cells
with the enzymatic marker did not stain
as intensely as rapidly sedimenting cells
(Fractions 18-23 in the present study).
In addition, the slowly sedimenting cells
with histochemically demonstrable acid
phosphatase did not have the morpho-
logical appearance of epithelial cells
(Helms ef al., 1976). Although the purity
of the cells from colonic tumours in this
study (as assessed histochemically) was
slightly lower than that obtained in the
study of prostatic carcinoma, the enrich-
ment obtained over the initial suspension
was slightly higher (Helms et al., 1976).
In part, this lower purity from colonic
carcinoma may be due to the relatively
low proportion of cells with HDAG in the
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initial suspensions. An average of 40-59,
of the nucleated cells from prostatic
carcinoma had histochemically demon-
strable acid phosphatase (Helms et al.,
1976). Morphometric studies were not
performed. Consequently, the percentage
of histochemically positive cells in the
original tissue is unknown. It should be
noted, however, that the percentage of
histochemically positive nucleated cells
appeared to be generally consistent with
the percentage of epithelial cells observed
in histological sections of colonic tumour
stained with haematoxylin and eosin. The
recovery of cells from gradient centrifuga-
tion of cells from colonic tumour was
comparable to that in the prostatic study.
As previously noted, much of the loss of
cells was probably due to the wall-effect
artifact inherent in all centrifugations
carried out in cylindrical tubes (Helms
et al., 1976).

The number of viable cells obtained
per gram by the digestion of colonic
tumour with 0-259%, trypsin was more of
the order of the yields from human tonsil
(Willson et al., 1975) and splenic Hodgkin’s
lesions (Pretlow et al., 1973) than that
from human prostates (Helms et al., 1975;
1976). It has not yet been possible to
study the digestion of the same tumour
with different preparations of trypsin from
the various suppliers. However, we have
observed that digestion of colonic tumours
by some preparations of trypsin has
consistently produced high yields of cells,
while other preparations were consistently
less effective. Similarly, we have reported
that the sample of trypsin used for the
disaggregation of human tonsil has a large
effect on the yield of cells/g tissue (Willson
et al., 1976).

Methods for cell separation which are
qualitatively different from velocity sedi-
mentation have been reviewed (Pretlow
et al., 1975). A second purification step
might improve the purity of cells with
HDAG. However, initial experiments
have shown that the suspensions of cells
contained in the various zones of the
isokinetic gradient described in this report
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are quite useful in studying the AG
isozvmes of human colonic tumours.
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